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(57) Abstract: A method and apparatus are disclosed for deBning a Ihree-cfimensiona] coordinate system in lekuion to an anatomical 
2 stniciure (64) Tor unc with computer-as^sicd sui^ca) systems. At least thicc landmailcs (66, 68. 70) associated with die anatomical 

stnictore (64) are Identified. Laadmarlcs axe identified using a digid%ation device (96) and their location rclincd using at least one 
Q single ea]ibi9t<d X-ny hnagc Using the landmaiics (66« 68. 70). first and second planes are defined, the second f^ne bting oithog- 

onal to the fixst plane. These planes deSne a coordinate system, which can be uswd to ascertain the position LnijccUiTy of any object 
¥^ (80) with icspcct to the anatomical struciore. Exposure to imaging ladiation and additional sni^gtcal procedtxre is minimszed. 
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COHPDTER-ASSXSTEB SORGXC&L POSITIONING METHOD MfD SYSTE^J 



5 ' fayentors: Edward Chsn., Marwan , TT^i^ l Groitoro, Peter Tate, licp m Fn 
Field of the Invention 

The present inventioii relates generally to computer-assisted surgical 
10 systems and, more particularly, to a method and system for defining a cooidinatB 
system in relation to an anatomical structure for use with computer-assisted 
surgical systems. 



Background of tbe Invention 



15 



Seveire damage to the hip joint caused hy degeneration, trauma, disease or 
anatomical abnormalities make total hip replacements CIHR) necessary. 

A THR generally composes four elements, which can be subdivided into 
two femoral components (femoral prosthesis shaft and head) and two acetabular 
20 con^Kinents (acetabular 'cup' prosthesis and prosthesis inlay). 

A successful THR procedure impHes die selection of the right implant size 
through preoperative planning and coxiect intra-opexative prostheses placement 
Improper implant size and position can lead to hip joint dislocation, decreased 
range of motion and eventual loosening, £^iluxe of botii the acetabular and immoral 
25 components, or the like. The objective for acetabular cup positioning methods is 
generally to achieve cup odentatipn angjes of 15-20 degrees anteveision and 45 
degrees inclination. 

Correct conventional placement of the acetabular cup is surgically 
demanding due to the hemisphecical acetabular shape awif! di£Gusult anatomical 
30 . landmaik identificadan for alignment linsited surgical exposure of the patient 
and anatomical variations of the pelvis add to the complexity of the procedure. 
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A laige number of non-computer-assisted instcuments is known to 
facilitate the coirect positioning of the acetabular cup by aligning posts - which 
are connected to the positioning rod holding the cup - with anatomical landmarics 
and exteiDal planes. Examples fox this approach can he found in U.S. Pat Nos. 

5 4,305,394; 4,475,549; 4,994,054; 5,037,424; 5,061^70; 5,098,437; 5,116^39; 
5,17l;243; 5;250.051; 5;284,483; 5.320.625; 5,364.403; 5,527^17; 5^71.111; 
5,584,837; 5,683,399; 5,755,794; 5.880,976; 5,954,727. 

More lecentlyj cxMnputcr-assisted systems have been developed to 
facilitate the coirect pieopetadve planniDg, cup positiomog, femoral reaxoing. and 

10 the like. Most systexns use tomographic patient imaging znetbods like CT and 

MBJ to obtain anatomic patient data in digital form. Ejimnplea fijrCT based hip- 
joint planning and positioning systems are U.S. Pat Nos.: 6,002,859 ; 5,995.738 ; 
5,880.976> filed by DiGioia et al. In the above-menlionBd systems, virtual patient 
models created using CT data aie matched to the patienf s anatomy using sui&ce 

1 5 registration techniques in conjunction with an optical tracking system. 

In U.S. Pat Nos, 5,251,127 and 5.305^03, issued to JRaab, an electro-goniometer 
is used to digitize patient points in the CTT data sets. 

Other examples for CT based computer-assisted THR procedures are to be 
found m U.S. Pat. Nos. 5,086,401 ; 5.299,288 and 5,408,409, issued to Glassman 

20 et al. The above mentioned systems fecilitate die robotic reaming of the ibmoral 
shaft The patient-data-to-patient matching process is perjEbrmed by artificial 
markers (fiducials) inserted into the patient's bones prior to the CT imaging and 
operation- Woolson (U.S. Pat No. 5,007,936) uses three reference points on the 
' acetabuhim to be visually identified by Ihe surgeon intra-operatively to nsiatdi 

25 patient CT data. 

The computer-assisted acetabular cup positioning devices described in tiie 
above references, have the following disadvantages: 
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1 . Convcntioiial cup positioijiDg mstruments, wbile being cofit-efiective, 
o^er greater risk of inaccuzacy due to the mere dependence on visual 
aligmnent by the surgeon. 

2. Most con^inter-assisted-based procedures require additional pre-operative 
imaging necessary for trajectoxy-guidance purposes. Furdi^, procedures 
lequimig pie-opecative placement of fiducials are an additional smgical 
opexatioiL Such approaches result in increased oosts^ ^^le additional 
opexatiozis find radiation also bear heal^ risks for fhe patient 



10 AccordiJQgl^, there is a need for a mefhod axKi system^ which provides 

su£5ciedt tcajectoiy detezmination accuracy, wi&ont Ihe need for additional pre- 
operative imaging and/or fiducial placement; or reliance upon visual 
identification. There is also interest to have a technology that obtains the 
liajectaiy infoimation in a irrnmnril invasive fashion to be used in mtnTmal 

15 invasive surgical procedures. 



Summary of the Inveniion 

Hie present invention seeks to provide a method and system, which 

20 minimizes the above problems. 

According to the invention^ there is provided a method of defining a threes 
dimensional coordinate system uisdng three Inndmaito associated with an 
anatomical structure that are digitized using a digitization device^ and rm agiTig to 
refine a location for these landmarks. 

25 In an aspect of the invention, the landmadcs are used to define a first 

vector and a second vector, which in turn are used to define the first plane and the 
second plane. The planes are used in defining the coordinate system. 
Geometrically, a '^lane" is represented by a point in the plane and an orthogonal 
'^nnal vector'^ that points away firom the plane forming a 90-degree angle 

30 between the plane and vector. Thus^ either planes or vectors can be used to 
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repx^ent the coordinate system. 

In ano&er aspect of the inventioii, llie iflT^^tiflrlca axe identified and 



10 



15 



20 



25 



location lefined, using a digitizaticm device and at least cue calibrated X-iay 
image. 

anodier aspect of die inventioi]. Hie coordinatB system so defined is used 
to ascertain ttie position and alignment of an object with lespect to the anatoi^ . 
stnictute. 

The invention defined aboive extends to all imaging modalities in 
computer-assisted, image-guided suigical navigation systems. 

AJsOy according to ibe iixvention^ diere is provided a syatem fat definiog a 
cootdinate system for computer-assisted surgical systems, means for using 
imaging to rejSne a location for the landmarks, including means &ir identifying at 
least three landmadss associated with the anatomical stnictuze ami means for 
defining die coordinate system using the landmarks. 

Also, according to the invention, there is provided a computer-readable 
medium having computer-executable software code stored thereon, ihe code for 
defining a coordinate system for computer-assisted surgical systems, comprising a 
code for using imaging to refine a location for the landmarks for identifymg three 
landmarks associated widi the anatomical structuie, and a code for defining a 
cooidinate system using the landmadcs. 

A further aspect of the invention includes the identification of tiiiee pelvic 
landmarks used to define the frontal and sagittal plane of a i>elvis. Theseplanes 
are used to define a three-dimensional coordinate system for use in a computer- 
assisted surgical system* The pelvic locations of landmarks are identified using a 
digitization device and refined using at least one calibrated X-ray image. The 
coordinate system and the landmark locations dierein are then available for use in 
the computer-assisted surgical system, including pre^opemtively, for example, in 
diagnosis, snrgical planning and design^ three-dimensional modelling, virtual 
visualization and localization, surgical sumilatiQns, medical education, and the 
like^ and ixitra-operatively» including in surgical navigation, instrument 
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localizatiojj, positioning and trackmg^ visualization, and the like. 

As a ^irtlier aspect, the invention includes a metliod of ascettaxning the 
trajectory of an obj ect in relation to tiie defined coordinate system. Following 
definition of the coordinate system for a pelvis using the landmarks, a tradked 

5 object such as a tracked acetabular cup can be visualized, posiiianed, localized, 
and &e like, in the computer-assisted surgical system, inchidisg in pie-op^:ative 
procedures and inlia-opeiativc procedures such as acetabular cup positioning. 

Advantageously, by defining the coordinate system in &sbioii, 
exposure of patients to pre-opexative imaging radiation i^ rednoed and the need 

10 for additional surgical procedures such as fidu^al placement is avoided, -wkniG 
providing sufficient imaging accuracy for computer-assisted surgical systemSa 
including for acetabular cop positioning, in total h^ replacement surgical 
procedures. 



1 S Brief DescriptiDn of Bravnngs 



The present invention, by way of example only, will be further undsdrstood 
:&om the following description with references to the drawings in which: 

20 Figure 1 is a schematic layout of the system in accordance with an embodiment of 
the invention. 

Figure 2 is a representation of a fiontal view of apelvis. 

25 Figure 3 is a diagram of the coordinate system in accordance with an embodiment 
of the invention. 



Figure 4 is a representation of a tracked probe in accordance with an embodiment 
of tbe invraition. 

30 
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Figure 5 is a diagram ofsa acetabular ciqj positioner in accordance wifli an 
embodiment of the invention^ 



Figure 6 is a diagrazn of three orthogonal planes in accordance willi an 
embodiment of the invention. 



Figure 7 is a diagram of a plane normal coordinate system in accordance with an 
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embodiment of the invention. 

Detailed Description of the Preferred Emtwdiment 

Referring to Figure 1» a computer-assisted acetabular cup positioning 
apparatus includes a mobile fluoroscopic C-aim X-ray imaging device 20. 
Mobile X-ray devices used in tiie operating room are generally known as C-azms 
due to their shape- The tmagine method is refewed to as fluoroscopy since no X- 
ray film.is being used, Fhioroscopy-based navigation systems are conmietcialLy 
available and very common in operating rooms. 

While the embodiment of the invention described is in reference to 
fluoroscopic'based navigation, it can be appreciated that other imaging modalities 
may be used, for exanq>le, coiiQ>nte£ized tomography (CT), magnetic resonance 
imaging (MRI)» ultrasound, and bi-planar X-ray. However, for certain of these 
modalities^ there is an additional need for preoperative tomographic imaging, 
fiducial placement or intca-operatrve matching of tomogmphic datasets. 

Lnaging device 20 includes a C-aim 22 slidably and pivotally attached to a 
downwardly-extending L-azm 23 at an attachment point 28. Hie Lrarm 23 is held 
in suspension by a mobile support base 24. The C-arm 22 is orbrftable about an 
axis of orbital rotation^ while Ifae L-arm 23 is rotatable about an axis of lateral 
rotation to thereby rotate the C-arm 22 laterally. 

X-ray source 30 is located at one end of C-arm 22 and X-ray image 
receptor assembly 32 is located at the other end of C-atm 22. Tlie X-ray source 
30 is enable of generating a continuous or pulsed stream of X-ray photons. 
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The C-aim 22, X-xay source 30 and image leceptor assembly 32 are 
rotatable about and define a fee space 34. Within the free space 34, an operating 
table 50 and patient 52 maybe positiozied. X-iays emitted fifom tihe X-ray source 
30 passes through tbe fiee space 34 to the image receptor assembly 32, 
5 intersecting ihe patient 52» and geneiating a planar two-dimexisianBl nnage otfbs 
patient. By orbitaUy and lateraDy rotating the C>ann 22 about the fiee space 3^^ 
X-rays may be directed to pass trough tbe patient 52 along multiple, planes to 
generate twonlinieusional images from difEbxent perspectives. 

The image receptor assembly 32 generates an image lepresentiag flie 

10 intensities of received X-rays. In the pref<»red embodiment, the image rec^tor 
assembly 32 comprises an image intenaifier 36 diat converts the received X-fay 
photons to visible light The imag^ intensifier 36 is electronically coupled to a 
digital charge coupled device (CCD) oam^ (not sihown) that converts the visible 
light to an analog video signal. 

15 The image receptor assembly 32 may be additionally provided widi an X- 

ray off detector (not shown) to detect when a new image has been inquired- For 
example, the X-ray detector may be in die form of a detector diode lhat directly 
absorbs received X-ray radiation or be a photodiode wiHi a scintillator. The X-^y 
off detector may be xised to syndurozdze the fluoroscopic image with the optical 

20 position tracking data as detailed below. 

The image receptor assembly 32 is intec&ced via electronic cables 33 to a 
computer system 40 to wbich imaging data is communicated. 

The computer system 40 includes a ccMnputer 42 with a gcaphics 
processor. Preferably, the graphics processor is a ^deo cs^iture circuit board such 

25 as Matrox Meteor-II™ that is capable of c^tiiiing and digitizing an analog video 
signal. The computer 42 is electronically inter&ced with at least one video 
display monitor 44 or other display via a video display card, for use in interactive 
viewing and display of images. 

The con^uter system 40 is provided wilib aplurality of data inpixt 

30 inter&ces for the receipt^ storage and processing of data received &om external 
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sources, as morc particularly described below, Wittout limitation, input 
interfeces include electronic interfaces (for example^ port connections to external 
source devices, modems, keyboard, mouse, etc,), optical mter&oes, or zadio 
frequency interfeces. 

The computer system 40 is selected to be suitable for computer^sisted, 
image-guided snrgeiy, including surgical navigatioD^ diagnosis, surgical plaxming 
and design, thxee^dimensional modelUng, virtual visualization and locali2:ationy 
surgical simulations, medical education, instrument locaHzalioin and tia<^dn& 
instrument positionizig> and &e like. For example^ the computer system 40 is 
provided with sufficient memory, data storage, resolution, and processing speeds 
sufGcieait to calculate, process, store and display high quality, faigli volume, xeal* 
time iroages. The con^uter 42 may also be provided wi&* a netwodc card to 
intei&ce with a network. Exatoples of computer systems are I>ell™ Precision™ 
Workstations 330, 420 or 620. 

The computer system 40 is furtlier provided with software such as SNN 
Fluoro*™ software, and the hke, that allows for the acquisition and registration of 
fluoroscopic images and si^erinq^osition of optically-tZHcked instruments^. 

The image receptor assembly 32 is further fitted with two calibration 
plates 46, which are clamped onto die image intezisiGer36. Ihe calibration plates 
46 contains radio-opaque beads spaced in a well-defined geometry and arie 
positioned adjacent to the image intensifier 36 in the path of incoming X-ray 
photons emitted from the X-ray source 30. The raw, unprocessed images as 
captured by tlie image intensifier 36 are overlaid with the images of the radio- 
opaque beads. The images of the beads will appear distorted fsom their true 
geometry following X-zay tiansznissioii tfarougih tlie calibration plate 46. 
Infonnation Tegarding the actual positioning of the radio-opaque beads previously 
stCM:ed in the computer 42 is used in a nuafliematioaJ model to compute image 
distortion. 

The mathematical model is derived using conventional means and n:iay be 
applied to process captured raw hnage for display in substantially distortion-fiee 
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J onn. Distortion computation is described, for example, by Thomas S. Y, Tang, 
•C alibniiion and Point-Based Registration of Fhioroscopic Images**, Queen's 
\ University. Kingston, Ontario, Canada, Jan. 1999 and Champleboux G. Lavallee 
S. Cinquin P "Accmate CaHbiation of Caznraas and Range linagizig Sensors: The 

5 NFBS Method", Proc. IEEE of M. Con£ on Robotics and Automation, Nice 
France, 1 992. Hxe m&fltfimadcal model may be embodied in software snob as 
navigation or imagmg softvvate applicadons, and the Uke. 

Alternatively, distortion me^be cotrectBd using altemale methods 
including methods dispeoshig wilh the need fiir one or bolh oaHbration plates. 

1 0 In pceopeiatLve or non-opeiative procednies, such as surgical planning, 

diagnostics, simulation, or the hke, the patiMt 52 is positioned in the fiee space 
34, with the ana^mical area of interest eacposed. The patient is provided with a 
patient tracker 48. 

Alternatively, a patient 52 is prepared for surgery withi» lbs ftee space 34, 

1 5 vn\h the area of surgical interest exposed. When surgery commences, the patient 
52 is provided with a patient tracker 48. 

The patient tracker 48 is an active or passive optically-tracked instrument 
The patient tracker 48 is rigidly attached to the patient in close proximity to the 
interested area- In THR^ the patient tracker 48 is attached to the j&ontal iliac crests 

20 of the pelvis 60 and 62, as indicated in Figure 2, for 6xample> using Kitfichner 

wires which are drilled by the surgeon into the iliac crests 60 and 62. For accurate^ 
image guidance, the patient tracker 48 cannot be significantly moveable relative to 
the patient 52 and is preferably substantially immoveable; although, a less rigidly 
secured tracker may be acceptable in obtain applications, for example^ 

25 visualization and simulation. ItwiUbeappreciated that any movement of the 
patient tracker relative to the patient will affect the accuracy of any subsequent 
computation based on the location of the patient tracks 48. 

The patient tracker 48 is used in conjunctian with a position sensing 
system, as further described below. In the embodimeint Of Figure 1 , the patient 

30 tracker 48 is provided with a plnrali^ of passive reflective disks or visible Light 



PA^A^^^ \RCVp AT ^ 10:28:22 AM [Eastern Daylight Timer SVR:USPT0-EFXRF-1fD' DNIS:8729306 ' CSID:514 286 5474 * DURATION M:21-38 



05/16/05 09:43 F AX 514 2 




OGILVY RENAULT 




@040 



WO 02/062248 



PCT/CA02/00128 



10 



10 



15 



20 



Emitting Diodes (LEDs) ia a laiown geometry to yield <»deiitatioii as wbH as 
positional infoimation. 

Alternatively, active optical trackers using infiared lig^ emitting diodes 
(IREDs) may be attached onto the patient tiadcer 48. The trackers maybe 
electronically coxmected to a conttol uoit of the position sensor system 54, which 
can control the emissions of l3xe IREDs. 

Tlie position sensor 56 in the embodiment of Figure 1 is an optical 
camera set a distance away fcam the ima^g device, in unobstructed view of dU 
trackers for which positional and orientaiional tn£ozmalion is desired. The 
position sensor 52 uses triangolation and real-time ttaoking algorithms to 
reconstruct three-dimensional co(xdinatcs of a tracker and is intei&ced with the 
computer system 40 to commnnicate tracking data. An GSBmple of a position 
sensor system 54 is the POLARIS™* system by Northem Digital Inc. 

Alternate position sensor systems may be used. Active optical sensor 
systems may use IREDs as trackers. Hybrid position sensors track the position 
and orientation of both active and passive trackers. 

Tbe position sensor 56 of the embodiment is interred via electronic 
cables 58 with the computer 42 for data coimnunication. 

Hie calibration plates 46 on the C-arm 22 are also provided witib active or 
passive trackers, the position of which are tracked by tbe position sensor system 
54, such that C-axm 22 positional information is commnmcated to the computer 
42. Alternatively, active or passive trackers may be attached to predetermined 
positions on the image intensifi^ 36» elsewhere on the image receptor assembly 
32, or other mobile portion of the C-arm 22. 

The patient tracker 48 operates as a reference base attached to the ]>atient 
52 while at the same time the C-arm 22 position and orientation in space is also 
tracked by the position tracking system 54. The patient tracker 48 and the C-'«im 
22 trackers provide positional refer^ice data for use witii surgical navigation 
software, and the like. 



\ 
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The function of tixe patient tiacker 48 is to detennine flie transfonnation 



10 



13 



20 



between image coordinate and world coordinate systems (ie. the actual 
coordinates of objects in the operating room). Hiese transfoimations aie 
necessary to render optically^iiaoked instnmien£s (such as diiU guides probes, 
awls, etc.) on the fluoroscopic image in the ccuxect anatomical positic^. The 



Patent No. 5,772,594 titled TluorDscopic image guided onhopaedic snrgeiy 
syst^ with intra operative le^Lstration" issued to Baoxack, RF. on June 30, 1998, 
and in Thomas S. Y. Tang, "CalibiatLOiL and Point-Based Regisfxation of 
Fluoroscopic Images", Queen's Univesrsity, Kingston, Ontaiio, Canada, Jan. 1999. 

While optical sensors are piefibired as position sensors, other positicm 
sensors may be used, including mechanical sensors comprising aiticuIatBd arms 
witii potentiometers at each joint ^nic sensors comprising the detection of tb^ 
speed and direction of soundwaves firom positioned acoustic emitteiSj or magnetic 
sensors, which detect phase and intensity of magnetic fields. 

Preferably, the position sensor system 54 is also capable of localizing in 
space (tracking) the position of surgical instrumentation and tools during intra- 
operative surgical procedure. 

A tracker is a device that tmdcs the position and orientation of a rig^d 
body. A tracker can include several conqionents, for eacample, optical or 
acoustical markers that are used to determine a rigid ohject's position and 
orientation in space. 

Tracked surgjLcal instrumentation and tools, 'wdiich include prohes, 
pointers, wands, drill guides^ awls, suction units wiUi inserts, reference clantps 
and pins, may be provided witli integrated tracking technology embedded in the 
tool, or permanently or temporarily mounted with one or more tracker 
components. Preferably, at least two tracker components are provided on tracked 
surgical mstmmenls so as to permit tool orientation, as well as position, to he 
deteroixnedL Additional position trackers, active or passive, may be teroporanjy 



process of image registiation is known and, fior example, is described in U^S. 
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aiiached to various objects in liie operating xooin for positioniBg and reference 



AUematively, aiiitional position sensor systems (active optica] sensors, 
sonic, mechanical^ magnetic* radio frequency, etc.) maybe used to s^arately 
track various tools or referenoe objects in llie opecating room. Such position 
sensors would also be inter&ned i^th a computer sj^stem 40 provided witb 
surgical navigation sofbvare. 

The positioning of ihe tcacked tools and positional tradkeia axe pxe- 
rcgistcred into die surgical navigation systen prior to intia-apeEativ6 use by 
conventional means. 

Once the patient 52 within fte ficee space 34 is fitted wi^llie patient 
tracker 48* reference points, or landmaiks^ are identified to define the frontal . 
plane of the patient. The landmarks may be anatomically significant structures, 
points, virtual pointS:, prominences, and ttie like, suitable for plane defiboition and 
fast identi JEi cation by the user. Wi& reference to the human pelvis 64, the frontal 
plane of a person standing in upright position is defined by tiaree landmarks on the 
pelvis (Figure 2): left anterior superior iliac spine 66^ right anterior superior iliac 
spine 68 and the centre of the pubis symphysis 70. As will be appreciated by 
persons skilled in the art, other landmarks may be ascertained and used to defrae 
the frontal or other planes for other anatomical structures^ including other ball and 
socket joints on human, mammalian or other vertebrates. 

For an accurate definition of the frontal plane of the huma-n pelvis, it is 
piefenred that botii aziterior superior iliac spine landmarks 66 and 68 are on the 
same heigjit level in the anterior posterior and in the sagittal planes, and that the 
landmaik on the pubic synipfaysis 66 is centred in the anterior posterior plane^ as 
depicted in Figure 2. 

The three landmaiks can be substantially identified Vy palpation by the 
surgeon, or other practitionGr fiuniliar with anatomy:, using known techniques. 
The user then uses digitization devices such as a tracked probe 96 to detsmine 
the three-dimensional coorditiate portion of the three landmarlfs 66, 68 and 70, 



purpi>scs, for example^ on the patient table. 
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Preferably, Ae tracked probe 96 is a needle pointe: capable of pieicmg the skin to 
contact the underlying bone. The needle pointer 96 has a tracking cornpoiieiit 9^ 
attached to the handle 100 of the probe. The location and orientation of the 
trajectory of flie tip 102 of liie needle relative to the ttaddii^ element 98 is Isnown 

5 and conununicated to the navigation software. 

Using fmftging tecfaniqnes, the digitized positions of landmaiks ate refined 
in order to compensate for any inaccuracies in the iiser*s location of the 
landmarks. For example, a stogie ant]eDor<-posteriQr X-ray vie^ of the inteiestcd 
anatomical area is takCTi and Ifae digitized position of a landmark witiiin die plane 

1 0 normal to the^X-ray beam direction can be adjusted in imagiT^g software, or Ibe 
like, accordingly, ^tore particularly, the digitized position of&e landmarks as 
displayed on die computerdisplay 44 may be a4]usted (ie. left, tight, up or down) 
relative to the planar X-ray image, without modifying the depth of the point so as 
to coincide therewith. For example, flie rough positions of the left anterior 

1 5 superior iliac spine 66, right anterior s^erior iliac spine 68, and the centre of 
pubis symphysis 70, obtained with the digitizing instrument, are adjustable to 
overlay the X-ray image of the landmarks^ Alternatively, lateral or otiier X-iay 
views may also be used for fine adjustment depending on the procedure to the 
patient. In the further alternative, ultrasound imaging may be used for refining 

20 landmark coordinates. 

Additional fluoroscopy images of the la^vlittartrfi may be taken witix tiie 
ann 22 rotated such that images are obtained of the interested area on two image 
planes for bi-planar X-ray reconstruction. This bi-planar method may be 
necessary if the surgical draping or large amount of soft tissue does not allow 

25 directpalpation of the landmark. Prefetably, only two images are takexL . 

However, depending on the size of the intE^rested area, the size of the patient, and 
the diameter of the C-arm 22 knaging field, additional images may be required in 
order to capture all landmarks in fluoroscopic images. For example, where the 
field of view of the fluoroscopic image is identical to that of a plain radiogcaph, 

30 and the size of die pelvis is greater than can be captured in one image, each 
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landmaik can be selected with one image m the anterior posterior oiientatioii add 
by one taken laterally, for a total of six planar flnoroscopic images. 

The fluoroscopic images captured by the image inteosifiea: 36 TO * 
communicated to the computer system 40 where Aey a» coitected for distortion 
5 and stored for later use, for example, in surgical navigation to verify flie location 
of the identified landmadcs. 

Intra-operatively, a procedure utilizing a sfaigle anterior-postwior X-ray 
image taken from fee appropriate diiectioii for refining landmark coordinates is 
preferred, as good qmhty lateral imagps are difficiUt and cmribersome to obtain, 
10 and reduced exposure of the patient to X-iay radiation is physiologically 
preferred. 

Once Hie fiontal plane is deteomned, fee sagittal plane and fee axial plane 
can be determined. When fee coordinate location of landmailcs 66, 68 and 70 are 
digitized and inputted into fee imaging system, refined using fee X-iay or 

15 jEhxoroscopic or ofeer images, if taken, fee c^oss product of fee vector from 

landmarks 66 and 70 and the vector fcom landmarks 68 and 70 are used to define 
fee frontal plane wife the normal (frontal normal) pointing ahead of the pati^ 
52. The midpoint 72 between 66 and 68 is feen computed. 

The sagittal plane is defined as fee cross product of fee vector fiom 

20 landmarks 70 and midpoint 72 and the normal vector of fee fixxntal plane (frontal 
normal) . Hie normal of the sagittal plane (sagittal normaT) points to fee left side 
of the patient 

The axial plane is defined as by fee cross product of feie sagittal normal 
and fee frontal normal and its nonnal points towards fee head of fee patient 
25 The computations to deteimine fee frontal plane, fee sagittal planes and 

fee axial planes are made, stored and applied in navigation software or the like. 
Such computations may be made prior to surgery as well as during fee operative 
procedure. 

For the human pelvis in THR surgery, fee acetabular cup prosfeetic is 
30 preferably orientated wife angles of 15-20 degrees anteversion and 45 degrees 
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inclinatioii for human patients. A mnnber of confiideratioiis is involved in the 
selection of Ihe targeted angles of approach including: a desire to obtain a 
maximum range of motion, to achieve a miiiiniimi residual pain, to avoid 
impingement between the fenmr and other osseous stmctures in the pelvis, to 
5 avoid subsequent dislocation of the jomt, and to otiieiwise avoid the need fi>r a 
subsequent hip replacement due to improper placement bf Ihe prosthesis. 

The anteveEsian and inclination angles aie measured relative to the fiontal* 
sagittal and axial planes. These planes are measured for the whole pelvis and the 
acetabular cup is placed relative to these planes. With reference to the left or right 
10 acetabulum 76 or 78 on the human pelvis, the targeted acetabular cup inclmadon 
angle of 45 degrees is projected on the fiontal plane. An acetabular 
anteveision angle of 13 degrees is projected on the sagittal plane, which lies 
peipendicular to the frontal plane. 

Refemng to Figure 5, a fXinvicntLOnal acetabular ctip positioner 80, for 
15 example, Zimmer™ Trilogy™ Acetabular Cixp, equipped with a tracking element 
90 on Ibe reamer 94, is used to compute the acetabular cup position in relation to 
&e patient's pelvic girdle. Preferably, active or passive optical tracldag elements . 
are attached to the reamer 94 ofthe cup positioner 80. The location and 
orientation of the cup trajectoxy relative to the tracldng element 90 is known, and 
20 registered. 

Using the optical position sensor system 54, or an alternative position 
sensing system, the position of tiie tracked acetabular cup positioner 80 relative to 
the patient tracker 48, and other tracked objects in the ppei^thig room, is 
communicated to die computer system 40 and displayed to the surgeon through 
25 the computer display 44, or other means, via navigation software^ preferably in 
real-time. 

Referring to Figures 3 and 6, the fifontalplaxie 104 is described by titiex,y 
coordinates and the sagittal plane 106 by the coordinates. A^ha 82 represents 
^inclination angle and gamma 84 the antever&ionan^e. IheU 86r^resents 
30 the tracker position of the tracked cup positioner 80, as identified by its spatial 
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position (x^y^). R 88 is the distajice from the tracker on ftie tracked cup 
positioner SO to the instalment tip. The distance R 88 is determined prior to intta- 
operative use on calibration of the tracked cup positioner 80. The origin of tlie 
coordinate system ii defined to be the centre of the pubic symphysis landmark 70. 
5 Both the origm of Ae coordinate system and U(x,y^) are registered by tibe 

navigation software^ allowing the calculation of both angles alplia 82 and ff i mina 
84 using the following relationfibrps: 

Ux = R*8in(gsinma)*cos(alpha) 
Uy = R '^sin(gamma)'*'sni(B]pha) 
10 Uz = R '^'cosCgamma) 

R = Bcp:(ax^-rtJy*-+Uz*) 
The angle alpha 82 is the cap abduction angle^ which is also ^ azimiidi 
of U (spherical coordinate). The relationship between a^ha 82 and 4ie position 
of flie tracked cup 80 is described as follows: 
15 Alpha = aictan (Uy, Ux) 

with aictan(y^) defined as: 

if x>0 : 1an'^(y/x) 
if x<0 : pi-Han'^ty/x) 
if (x?=0) and (y>0) : pi/2 
20 if (x=0)and(y<0):-pi/2 

The angle gamma 84 is tbe cap anteversion aiigle» which is also the 
colatitude of U (spherical ooordinate). The xelationship between gamma 84 and 
the position of the tracked cup 80 is described as follows: 
gamma = cos'^ (Uz/R) 

25 Re:fening to figure 6» the fiontal 104, sagittal 106 and axial 108 planes form 

^e pelvis coordinate system. Figure 7 depicts the same coordinate system using the 
plane normals to represent the coordinate system for mathematical puiposes. Ihe 
normal of the fiontal plane (Uf) 110, the normal of the sagittal plane (ns) 1 12 and the 
normal of the axial plane (n^ 114 are identified. 
30 To determine the abduction angjle 82 and the adeversion angle 84 for the 1^ 
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hip 78, first the direction vector Vo of ^ cup positioner 80 is determined: 
vo = R*[0011 



Next, the projection of the cup positioner onto each plane nonnal is found: 



10 



15 



20 



25 



Projection onto nf = v^f = (vo*n^f 

Projection onto = Vc, ^ (vo*ns)ns 

Projection onto n^ = Vca = (vo*nODa 
Next the projection of the cup x>ositioner onto each plane is found: 

Projection onto frojilal pbne Vf — Ve, + Vca 

Projection onto sagittal plane Vj - Vcf + Vca 

Projection onto axial plane Vg. Va + Vcf 
Neoct, the angle between the cup positioner vector (vo) and each plane is found: 

Angle cup positioner to frontal plane = (I80/ir)cofl(vo*vd'* 

Angle cup positioner to sagittal plane aa - (1 80/ii)cos(vo*Vg)"* 

Angle cup positioner to axial plane Sa = (1 80/'H)cos(vo*Va)"* 
where fbe anteversion an^e 84 is &t and the abduction angle 82 is aa. 

For the right hip 76, the negative of the abduction angle aa is used. 

The computation of the angles alpha 82 and gamma 84 can be conducted 
within navigation software or the like and infbnnation regarding the trajectory the 
tracked cup positioner 80^ as well as the angles of approach widx reference to alpha 
82 and gamma 84» displayed on the computer display 44. 

As will be appreciatedby pexsons skilled in the art, ttie above mi^be adapted 
to ascertain the trajectory* moluding path, position and angle of approach, fox any 
object relative to any anatomical stroctare, including skeletal structures, jomts* soft 
tissue^ organs, etc., for which, landmadcs to define a three-dimensional coordinate 
system for the anatomical strnctixce can be identified. 

As will also be appreciatedby persons skilled in the ar^ while flie above has 
been largely described with reference to a TEIR suxgioa] procedure, the use of 
landmarks on anatomical structmes to define a tiuee-dimensional coordinate system 
has application in other computer-asaiated surgical systems includxag diagnostic 
techniqnes and surgical planning. 
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Nauuerous modificatioiis, vamtions, and ad^tations may be made to th© 
particular embodiments of tbe invention described above without departing ftom flie 
scope of the inventioxi, which are defined in Ae daixna. 
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What is claimed is: 

1 . A method of defining a coordinate system for camputcr-assisted surgical 
systems, Uie method comprising the steps of: 

idcntil^diig at least three landmadcs associated with an anatomical etructme; 
dcteiminixig a locadon fbr each of the landmaxlcs; 
mfining the location for one or more landmaTlcs using imagine; and 
defining tlie coordinate system using the refined location for each of fte 
landmarks. 

2. A method of claim 1 wherein the step of detennining a location for each of 
the landmarks includes determining a coordinate position for each of the landmarks 
for use in the computer-assisted snzgical systenou 

3. A method of claim 2 wherein the step of determimng fte location of each of 
the landmaiks includes using a location digitizing device. 

4. A method of claim 1 wherein ths step of refining the location for each of fiic 
landmarks includes using a single X-ray image in the plane of tibe image. 

5. A method of claim 4 wberdn the X-ray view is an anteiior-posterior view. 

6. A method of claim 4 whkem the X-ray view is a lateral view. 

7. A method of claim 4 wherein more than one X-ray images are used in bi- 
planar X-ray reconstruction. 

8. Amethod ofclaim 1 wherein Ihest^jofrefiriing the location fbr each of tiie 
landmarks includes using ultrasound imaging. 
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9. A method of claim 1 wkeirai tbe step of defbmig the coordinate system 



compzises the steps o^ 

defiimg a first plane using the landmaiks; 

defining a second plane orQiogonal to 'be first plane; and 

using the planes for defining the coordinate system. 



10. 



A method of claim 9 wherem the first plane is a fionlal plane. 



10 



15 



20 



25 



11. A method ofclaim 9 wherein the second plane is a sagittal plane. 

12. A method of claim 9 fbtthi^ including the step of .defining a third plane 
or&ogqnal to ea ch of the first plane az2d ttie second plane. 

13. A method of claim 12 wherem the third plane is an axial plane. 

14. A method of claim 1 whexein the anatomicfial structure is a pelvis. 

15. A method of claim 14 wherein the landmarks include a left oirterior superior 
iliac spine, a ri^t anterior superior iliac spine, and a centre of a public symphysis. 

16. A metiiod of claim 15 wherein Ae frontal plane is defined using the left 
anterior superior iliac spine» the ri^t anterior snp^or iliac spine, and the ceniie of 
the pubic symphysis. 

17. A method of clahn 1 6 wherein the centre of the pubic symphysis is centred in 
the anterior posterior plane. 

18. Amethodof elaim 1 wherdoitiiestep of defining'diecoordinatesystemusing 
fhe refined location for each of the landmarks includes the step of defining at least 
two vectors using the refined location for each of the landmarks. 
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19. A method of claim 18 wherein liie step of defining at least two vectors 
in;:luJc:i Utc stqps of: 

dcllning a first vector nsing at least two lazxdmaiics; and 
defining a second vector using at least two landmarks, said second vector 
i> being non-parallel to the first vector. 

20. A meftod of claim 19 wberem the first vector is defined using the left 
anterior suptirior iliac spine and the right anterior snpezior iliac spine. 

21. A mediod of claim 20 wherein flie second vector is defined using the first 
10 vector and the centre of the pnbic symphysis. 

23. A method of claim 19 wherdnthe first vector andlfae second vector are used 
tn defining the fi-ontal plane and fb& sagittal plane. 

23. A method of any one of claims 1 to 22 A^erein Hie coordinate system is used 
for asceitaining the trajectory of an object with reference to the anatoimcal stroctare. 

15 24, A meftodofclaim 23 wherein the object is a tcadcedinstnimeiit 

25. A method of claim 24 wherein the object is an acetabular cap positioner. 

26. The use of a coordinate system defined in any one of claims 1 to 25> tntra- 
operatively. 

27. The use of a coordinate system of claim 26 in surgery. 

20 28. The use of a coordinate systenisofclaim 27 in total hip replacement surg^^ 
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29. A system for defimng a cooidinate system for coiiiyputer-assisted surgical 
systems, the coordinate systsem conqaisiiig: 

means for identi^dng at least three landmarks associated with an anatomical 
structure; 

5 means for determining a location for each of flie landmarks; 

means for refining the location for each of the landmarks using imaging^ and 
means for defining 1^ coordinate system using fte refined location for each 
of the landmarks. 

30. A system of claim 29 further including means for defixung a £rstplane using 
10 the landmarks; means for defining a second plane orthogonal to the firstplane; md 

means for using die planes for defining the coordinate system. 

31. A system of claim 30 furiherinchiding means for ascertainic^tiietrfg 

of an object in relation to an anatomical sttucture fi>r use with computer-assisted 
surgety. 

15 32. Asystemofclaim29whereinn[ieansfordsfiiiiz^thecoord]natesyst6musi^ 
the refined location fax each of the landmarks includes means for defining at lea^ 
two vectors using the refined location for each of tfae landmarks. 

33. A system of claim 32» wherein means for defining at least two vectors 
includes the steps o£ 

20 defining a first vector using at lea^t two landmarks; and 

defining a second Vector using at least two landmarks, said second vector 
being non-paiallel to the first vector. 

34. A computer-readable medium having coniputer--e35;ecutable software code 
stored thereon» comprising: 

25 a code for determining a coordinate position for each of at least three 
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Iftn^TnarVfi identified, wherein tiie landmarics are associated with the aDatomical 
structure; 

a code for refining the coordinate positicm for each of tbe landmaiks; axid 
a code for defining iSie coordinate system^ising 4e refined coordinate 
5 positions for each of the landmadcs. 

35. * A conoputer-readable Triftdiitm of claim 32 furdier inchiding: * 
a code for defioing a first plane usmg Ibe landmarks; 
a code for defining a second plane orthogonal to ihe first plane; and 
a code usmg the planes for defining; the coordinate system. 



10 36. A computer-readable medium of claim 33 iitrther moIudiDg: 

a code for ascertaining the trajectray of an object witii reference to the 
anatomical structure fyr using the coardmate system. 

37. A system according to any one of claims 29 to 33 wherein tbe means for 
1 5 determining a location for each of the landmarks includes a C-arm device. 
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